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A  new type of. hydrous zirconium oxide dynamically formed 
membrane was used in the reverse osmosis process instead 
of cellulose acetate which is currently used in industry. A  
cell, was constructed to accommodate this membrane.
Various experiments were carried out to explore the 
technical feasibility of the hydrous zirconium oxide dynami­
cally formed membrane. The main items under investigation 
were membrane surface density, concentration polarization, 
pressure and feed concentration variations, membrane 
porous supports, colour rejections of organic materials and 
protein extractions from cheese whey. Each item was 
investigated in detail for the effect of solute rejections and 
water permeation across the membranes.
Inorganic feed solutions (such as sodium chloride, lithium 
chloride and magnesium chloride) and organic feed solutions 
(such as colour compounds, milk and cheese whey) were 
considered.
This membrane rejected salt from inorganic solutions 
having a concentration up to 1200 ppm. Above this concen­
tration the rejection diminished considerably. Better 
observed salt rejections (Ro) were obtained .when 
the concentration polarization effect; at the membrane
S U M M A R Y
surface was eliminated, using higher feed flow rates and 
with an accumulator being installed in the apparatus.
The general equations for salt flux, water flux across 
the membrane and concentration polarization (modified) 
effects have been derived by several methods.
Dynamically formed membranes were found to be very 
successful in obtaining colour rejections of many organic 
materials and for protein extraction from cheese whey. 
These aspects have not been previously explored.
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C H A P T E R  1
G E N E R A L  I N T R O D U C T I O N  .
G E N E R A L  I N T R O D U C T I O N
The history of osmotic phenomena goes back for more 
than two centuries, the earliest experiments being carried 
out by Abbe Nollet on diffusion through animal membranes 
in 1748. Pfeffer made the first quantitative measurements 
in 1877, using copper ferrocyanide membranes deposited on 
porous porcelain. Copper ferrocyanide was widely used in 
the late nineteenth and early twentieth centuries and led to 
highly accurate results even at high osmotic pressures. 
Organic solutes such as the sugars and sodium chloride 
solution were successfully studied (4) on this type of m e m ­
brane by H, N. Morse (1) and his co-workers at John 
Hopkins University and the Earl of Berkeley and E. G, J. 
Hartley (2 &  3) in England.
Meanwhile, theoretical development had started with 
Vant Hoff, who used Pfeffer*s results as the starting point 
for building up a comprehensive theory of dilute solutions.
In the early 1950*s, the United Kingdom and more 
particularly the United States of America, began their 
formal water purification programme. At that time, thermal 
distillation was the only technique that had a well-developed 
and understood associated technology. Recently, more 
sophisticated techniques such as: multistage flash distil­
lation, electrodialysis, freezing, ion-exchange and 
reverse osmosis have been and are being developed and
perfected for the conversion of saline water.
More recently, reverse osmosis techniques have been 
used to concentrate fruit juices, egg white and whey solutions, 
to "refine sugar and in biological applications. Considerable 
work was done in the early part of this century with membranes 
that showed some ability to differentiate between water and 
dissolved salts. No effort was directed at developing reverse 
osmosis for the desalination of sea and brackish waters until 
shortly after the Federal desalination programme was estab­
lished in the U.S.A. Harwell (U. K) also carried out many 
research programmes in the- reverse osmosis field for 
desalination of saline water.
Osmosis depends on the existence of a membrane that is 
selective in the sense that certain components of a solution 
can pass through the membrane, while one or more of the 
other components cannot do so. Such a selective device is 
called a semipermeable membrane. If a semipermeable 
membrane separates a solution from a pure solvent, or 
two solutions of different concentrations, the tendency to 
equalize concentrations will result in a flow of solvent 
from the less concentrated phase, that is, the phase richer 
in solvent, to the other one. Fig. (la). It is this flow of
i i
solvent that is termed osmosis. If an attempt is made to 
impede the flow by exerting pressure on the solution, the 
rate of flow will be,decreased.
A s  the pressure is increased, a point will be found at which 
the flow is brought to a complete stop, the tendency to flow 
being in equilibrium with the opposing pressure. This 
equilibrium is called the osmotic pressure Fig (1b).
Further increase of the pressure on the solution causes*\> . .v *
reversal of the osmotic flow and pure solvent passes from 
the solution, through the membrane, into the solvent phase. 
Fig (1c). This last phenomencwis the basis of the reverse 
osmosis method of desalination.
It will be noticed that reverse osmosis resembles 
filtration, in that both involve removing a liquid from a 
mixture by passing it through a device that holds back other 
substances. For this reason the reverse osmosis method is 
sometimes called •hyperfiltration1. Despite this similarity* 
there are important differences between reverse osmosis 
and any kind of fiItration and the most obvious difference is 
the osmotic pressure itself.
Reverse osmosis or hyperfiltration has been investi­
gated by many industries and research workers in the 
universities throughout the world for the desalination of 
saline water and the concentration of fruit juices in the food 
industry. • .
So far, cellulose acetate has been chiefly used as the 
membrane. This kind of membrane has low water flux across 
the membrane but good salt rejection. However, it suffers
5N O R M A L  O S M O S I S  . ‘
pure water flows through
O S M O T I C  EQU1 LJ BR1 U M
than osmotic pressure
Fig (1) O S M O T I C  P H E N O M E N A
from some disadvantages. Firstly, the production of the 
membrane is complicated since it involves the evaporation 
of solvent in a controlled atmosphere. Also the hydrolysis 
of the acetate group in [the cellulose acetate means that the 
membrane has a short life necessitating its replacement and 
this continues to be a major problem at the present time.
During 1965, a new type of membrane was discovered 
by Marcinkowsky (6) at the Oak Ridge National Laboratories.
He formed a number of salt-rejection membranes such as 
thorium chloride (Th Cl^) and colloidal hydrous zirconium 
oxide Zr (iv) on the porous material in a dynamic manner, 
by passing a feed solution containing a few parts per million 
of these colloidal materials through a porous tube and deposit­
ing a salt rejection layer on the high pressure interface. Such 
membranes usually give higher permeation rates than the more 
conventional films (57) although their salt rejection properties 
are generally lower.
C H A P T E R  (2)
a. L I T E R A T U R E  R E V I E W
(■2,'1)i Membrane Surface Density or Thickness
(2 .2) Concentration Polarization
(2. 3) Membrane Porous Supports
(2. 4) Pressure, Feed Concentration and pH effects
on the Dynamically Formed Membranes
(2.5) Protein, Lactose and Lactic Acid Separation 
from Cheese Whey
(2.6) Colour Rejections of other Organic Compounds
(2.7) Mechanism of Reverse Osmosis
8So far, no work has been reported on the surface density 
of hydrous zirconium oxide when used as a membrane for 
reverse osmosis., This kind of membrane is not yet in 
common use and its application to these systems is a fairiy 
recent development. Unfortunately, the literature available 
was limited and the works published only dealt with cellulose 
acetate membranes. Also, most of the work had been done 
primarily by chemists, therefore there was little data available 
upon which the chemical engineering design could be based.
In 1965, Marcinkowsky (6) at the Oak Ridge National 
Laboratory, observed that by circulating a pressurised salt 
solution containing a few. hundred ppm of an additive such as 
Th Cl^ past a porous silver frit, a high flux Na Cl rejection 
layer was formed dynamically on the filter surface (6 , 7). The 
film thickness, or surface density of the dynamically formed 
membrane was not reported.and the work was not'developed to 
any appreciable extent. A  similar work was published on the 
dynamically formed membrane using ferric hydroxide and . 
zirconium hydroxide as the dynamic membranes by Marcinkowsky, 
Kraus, Phillips, Johnson and Shor (11). The hydrous zircon­
ium oxide concentration was 0.001 M  and ferric hydroxide 
concentration was 0.0005 M.
2. 1 Membrane Surface Density or Thickness
Kuppers, Marcinkowsky, Kraus and Johnson (12) have used 
hydrous zirconium oxide ( 1 0 ^ Ivi) dynamically formed membranes
9to filter organic solute. The membrane surface density or, thick­
ness was not reported,
Shor, Kraus, Johnson and Smith (13) have investigated con­
centration polarization effect with dynamically formed hydrous 
zirconium oxide membranes. Again membrane surface density 
or thickness was not reported but membrane concentration in 
the feed was 0.001 M. V
Similar work was reported by Kraus et al (14, 24) Thomas 
et al (15) and Saline Water Conversion Reports (16-23).
Perona et al (25) have published a different method for 
obtaining dynamically formed membranes. The membrane was 
developed from a sulphite liquor obtained in the wood pulp manu­
facture and no report was given of the membrane surface density 
or thickness.
, Relevant work on membrane thickness has been, reported by 
Arneri and Invekovic (5) on membrane thickness using modified 
cellulose acetate membranes heated (87°C) and unheated. The 
film thickness of these membranes ranged from 30 to 100 microns. 
The rejection of organic solvent such as methanol, ethanol, 
i-propanol, t-buthnol, glycerol and Na Cl were studied (5).
The solvent rejections were between 91 and 99.7%. The 
permeability was at a maximum for i-propanol water system at 
M-. 7 x 10 cm/sec when the membrane thickness was around 50 
microns. All the studies were carried out at atmospheric 
pressure.
10
Lonsdale in Merten (8) has used the published work of Reid 
and Breton on plasticized cellulose acetate membrane films and 
showed graphically that the flow of water through the membrane 
was approximately inversely proportional to its thickness, in 
general agreement with Fick's law.
The relationship between membrane thickness and water 
flux across the membrane and salt rejection have been reported 
in Reid and Breton (6 &  8) as tabulated brsl.owv.
membrane -water salt
thickness flux rejection
JM )u/cm2/hr %
2 2  19. 1 99
15 33.4 95
11 53. 1 98
5.6 117.8 96
3.7 . „ 116.5 96
data of Reid and Breton 
Table (2. 1)
The measurements were carried out at 40. 8 atmosphere 
applied pressure with a brine of 0. 1 M  Na Cl. The above 
results clearly show that when the membrane thickness 
decreases, the salt rejection decreases, or water-flow 
increases.
Me  Kelvey at al in Sourirajan (6) investigated the separation
of Na Cl, Na^ S O ^  and Ca Cl^ from aqueous solutions by reverse
osmosis techniques using some ^ synthetic ion exchange membrane 
films.
11
The film thickness ranged from 0,03 to 0.006 inches. Good 
solute separations were obtained but very low product rates 
resulted when a pressure of 1 00 0 psig was applied.
Merten et a I. (Q) have investigated membrane film thicknesses 
of ethyl cellulose, ethyl cellulose/polyacrylic acid, celiulose 
butyrate and cellulose nitrate materials. Some data on their 
performance are given in Table ( 2 , 2 ) tJ for e + ^ 2  CGtt^Los<2-
Evaporation membrane water solute
time thickness flux rejection
min /j gal/ft "/day %
2 38 154,5 2.2
2 38 29.2 15.6
5 30 83.8, 6 . 8
10 25. 0.3 56.2
10 25 0.1 79.0
data from Merten et al" (8)
• Table (2. 2)
Similar works, by Francis and Cadotte (9) have been 
published on several thin polysaccharide acetate membrane 
films. Membrane thickness was between 1500 to 2500 A° 
but no details of the accuracy of the measuring techniques 
are given. The operating pressure was at 1500 psig and 
feed concentration was 3.5 wt% Na Cl,
Sachs and Lonsdale (10) have investigated a new type of 
desalination membrane having similar properties to dynami­
cally formed membranes by casting a water-soluble polymer 
on to the fine porous surface of a suitable support film. The
x* * *
membrane thickness was 40 u made of polyacrylic acid (PAA)
~3 2and water flux in the range of 1 to 4 x 1 0  g/cm /sec with 
rejections of 0.05 M  N a  Cl in the range 50 to 80% at 68 to 
100 psig.
2. 2 Concentration Polarization (salt concentration 
membrane interface):
Thomas and Watson (15) have published a paper on reduction 
of concentration polarization of dynamic hyperfiltration membranes 
by detached turbulence promoters. They simply placed spiral 
turbulence promoters positioned away from the membrane surface 
by small wire runners and thus markedly increased the rejection 
of 0.01 M, Mg Qin» The data for the highest rejections were 
obtained at a linear velocity of 257 cm/sec. , which corresponds 
to a Reynolds number of 15,200. The data for the lowest rejections 
were obtained at a linear velocity of 36 cm/sec. , which corresponds 
to Reynold number 2100, The greatest turbulence promoters were 
observed at the lowest velocities where the observed r^jdcfien (Ro) 
was increased from 25 to 72%. At the highest velocity, the improve­
ment was much less - from 90 to 93%. See Fig (2,2. 1) for further 
explanation of the effect of detached spiral turbulence promoter on 
salt rejection. Nothing was mentioned about the use of other salts.
Thomas (26) reported several kinds of detached turbulence 
promoters for investigations of enhancement of forced convection 
heat transfer.
The
10 to 50%
use of turbulence promoters can also cause a considerable
increase in transmission rate over that observed in un­
promoted regions of the same tube, as reported by the Office of 
Saline Water Conversion Reports (16-23). No attempts were made 
with and without accumulator in the system at various flow rates 
to reduce concentration polarization effects on hydrous zirconium 
oxide dynamically formed membranes.
Kraus, Shor and Johnson (24) published a paper on the concen­
tration polarization effect of salts using dynamically formed 
hydrous zirconium oxide membranes. The basic equation for 
observed salt rejection (Ro) was given:
Figurt>2.2K1.Effect of detached-spiral turbulence pro- 
motor on rejection of 0.0iM MgCh at 400 p.s.i,
v (no turbulence promoter). 0.43 cm./min. 150 .gcil./cloy sq. ft,
yP (turbulence promoter), 0.54 cm./min. =* 190 gob/day iq. ft.
C w_
Ro = 1 - Cp Eqn. (3.4)
where feed concentration (c^.) is taken as the concentration in the 
turbulent core and the relationship between Ro and R  is given by 
Shor et al (13), Sherwood et al (27). and Johnson et al (31).
1 - Ro v/ i s / d \ ^  / ik x 3 , , * 1 - RIn K  b ^ r ) 4 (*r< ) + InRo .,0.75 ' D  ' R
(3. 17 )
15
To evaluate intrinsic rejection R  of a membrane from Ro, it is 
thus necessary to extrapolate data obtained as a function of • 
circulation..velocity to infinite velocity (24).
i. e0 by plotting
1 - Ro jn _ ^ --- versus
2,3, Membrane Porous Support:
Most of the membrane porous supports used for dynamically 
formed membranes were specially manufactured for the research 
at the Oak National Laboratory in the U e S. A. Because this 
kind of membrane is new, it was very difficult to find the exact 
membrane porous supports mentioned in the few published papers 
(11, 12, 1 3 fy 25) avai I able.
Therefore extra research was necessary on various 
membrane porous supports and the following paragraphs rep­
resent the main literature available concerning porous supports.
Marcinkowsky et al (11) have reported that salt filtering 
layers can be formed on porous bodies having pore diameters as 
large as 5 microns. A  typical example being the formation of a 
membrane made of a solution of ferric hydroxide deposited on the 
0, 8 micron average pore size silver frit. .The Na Cl rejection 
■.was approximately 60% and the water permeation rate was 0 , 2  
cm/min at 35 atm.
Kuppers et al (12) have described a similar work to that of 
Marcinkowsky (11) by using a membrane support made of a silver 
frit of Oo 2-micron average pore size. The membrane was made of 
hydrous zirconium oxide dynamically formed. The rejection was 
about 43% for glucose, sucrose and raffinose at 400 and 1000 psig. 
Kuppers et al (12) have also used carbon (pore size 0.3 micron) 
and P V C  on nylon (pore size 0. 45 micron) as supports for dynami­
cally formed membranes. , ' .•
Shor et al (13) used dynamically formed membrane supports 
made of carbon tubes in the range of 0. 18 to 0. 34 microns and a 
void fraction of 0,22 to 0,28. N a  Cl rejection was in the range of 
40 to 60% for hydrous zirconium oxide in a particular set of 
experiments.
Perona et al (25) reported that liquors generated in the
sulphite process of the pulp and paper industry form membranes
dynamically on porous bodies when the liquors are circulated
under pressure past the bodies, in the reverse osmosis apparatus,
these membranes, in favourable cases, reject 90% or more of the
coloured matter in the feeds and substantia! chemical oxygen demand
'and total dissolved solids. By proper selection of conditions,
1 / 2processing rates of 30 gal/ft /day of membrane at 500 psig can 
apparently be maintained for at least 2 weeks, A  typical membrane 
support used was made of ceramic tubes (3.0 micron pore diameter) 
and carbon tubes (0,3 to 0,9 microns pore diameter).
Different porous supports give different fluxes and rejections 
and sometimes supports which are supposed to be the same give
17
different results under similar conditions, for reasons not yet 
clear (25). '
For salt rejection to occur, it has been shown (11, 25, 36) 
that the pore size of the membrane porous support should be 
larger than the, membrane pore diameter. Theoretical explanation
\ . * r * * ‘ •
of this effect has not yet been produced.
2, 4 Pressure, feed concentration and Ph effect on 
the membranes:
, (a) Pressure effect
• Erickson, Glater and McCutchan (37) have studied the 
pressure effect on cellulose acetate membranes at various 
temperatures. In genera! they have reported that tight membranes 
which are obtained at room temperature display good salt rejection 
but relatively low flux rates, whereas loose membranes (65°- 75°C) 
yield a greater product output but poor desalination. A  typical 
example of cellulose acetate performance was chosen and it is 
shown in Fig (2.4. 1). The feed solution was limited to Na Cl.
No research was done on Li Cl and Mg Cl2 using hydrous zircon­
ium oxide dynamically^formed membranes,
A  similar work was reported by Sourirajan and Govindan 
(39) on cellulose acetate membrane properties. Pressure applied 
ranged from 600 - 1500 psig. Good solute rejection of Na Cl was 
mainly obtained and water flux across the membrane ranged from 
52. 4 to 18.2 gal/ft2/day.
' Works on water flux and pressure applied for four modified 
cellulose acetate membranes only were reported by Lonsdale, 
Merten and Riley (40). Similar works were also reported on 
pressure and water flux across the membrane by Banks et al 
(41) and Agrawal et al (42),
Cooke (43) reported on applied pressure of 600 psig and 
the use of fibers as semi-permeable membranes and a variety of 
feed solutions such as Na Cl> sugar and puip mill wastes.
(b) Feed Concentration and pH effects
Vos, Hatcher and Merten (38) have reported on the life- 
expectancy of cellulose acetate.membranes. A  series of 
experiments were conducted to investigate the influence of feed 
water pH on the long-term performance of cellulose acetate 
reverse osmosis membranes. They observed that the decline in 
salt rejection for these membranes after extended exposure to 
feed solutions was attributed to hydrolysis of cellulose acetate 
and was found to be strongly pH-dependent.
Sourirajan and Govindan (39) reported the effect of,feed 
solution concentration on the separation and permeability of 
different cellulose acetate membranes. These membranes were 
heat treated and ranged from (87 - 90°C), A  typical example is 
shown in Fig (2.4,2). Again this work was limited to cellulose 
acetate membranes.
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Kraus et al (24) have reported that in acidic solutions 
with a pH range of 3 to 4, gpod salt rejections, were obtained 
for Na Ci, M g  Cl2> Ba,CI? and La Cl^? using hydrous zircon­
ium oxide, membranes. W h e n  bariic solutions were used, the 
reverse was the case, • L
Kraus et a! (24) have also reported that salt rejection by 
hydrous F e 2 was pH sensitive, in one series of experiments 
Ro was 0. 56 near pH 3 for 0. 08 M  Na. Cj, was negligible near 
pH 8 and became 0 „ 2 near pH 1 2, at 600 psig, circulation 
Veiocity (u) = 15 ft/sec and transmission rate v = 0 , 1 crn/min.
Similar works on pH.were reported by Shor (32) and 
Saline Water Conversion Reports (21,22) using dynamic 
membranes made of hydrous zirconium oxide and Various 
membrane supports at various pressure ranges,
2. 5 Protein, lactose and lactic acid separation from
cheese whey by dynamically formed m e mbranes:
Recently, cellulose acetate membranes have been used to 
concentrate fruit juices, egg white and whey, to refine sugar 
and in biological applications, as reported by Harrison (44), 
Sharpies (50), Hardwick (51) and Othmer (52), by‘the reverse 
osmosis methods, . .
Cheese whey was reported by Foster,et al (53), Davis 
et al (54) and Lampert (55) to contain 4. 9% lac.tose, 0.9% 
nitrogen compounds, 0, 6 %  ash,, 0. 3% fat, 0.2% lactic acid
21
No work has been reported on direct separation of protein, 
lactose and iactic acid from cheese whey by dynamically formed 
membranes. The use of cellulose acetate membranes fo r cheese 
whey concentration to a level suitable fo r spray drying has been 
reported by Harrison (44, 45), McDonough (46) and Horton (47,. 
48), S im ilar work has been reported by Marshall et al (49) but 
applying the crystallization methods fo r extracting protein, 
lactose, lactic acid and salts from cheese whey concentrate.
The analytical tests carried out fo r lactose, lactic acid, 
protein, fat and ash were reported by Davis and Macdonald (54) 
and Snell et al (56),
and 93% water, . . '
2, 6 Colour Rejections of organic compounds:
No work has been published on colour rejection of some 
organic materials, namely, brown sugar, fluorescein sodium, 
magenta, milk, cheese whey and Ribena.
The application of these organic materials in the reverse 
osmosis processes are unlimited, especially in the field of food 
science and technology by dynamically formed membranes. The 
literature available is summarised below in*the following para­
graphs.
Perona et al (25) reported colour rejections of sulphite 
liquor from pulp miil wastes of 80 to '93%, The colour rejection 
was based on the optical density measurements. Hydrous zircon­
ium oxide was used as the dynamic membrane. Perona et al (25) 
have also reported that the colour rejection's of bleach wastes 
ranged from 67 to 90% for various membrane porous supports.
Sim ilar work was reported by Kuppers et a! (12) on the 
organic colour rejections (such as phenol) by dynamically 
formed membranes.
Saline Water Conversion Reports (22 &  23) also reported 
the colour rejections of some organic materials using hydrous 
zirconium oxide dynamically formed membranes and these were 
sim ilar to those of Perona et al (25) and Kuppers et al (12).
2.7 Mechanism of Reverse Osmosis:
Theories proposed fo r the semipermeability of membranes 
have been reported by many workers (40, 42, 72, 84) and 
were ail based on cellulose acetate membranes.
One of the earliest that was proposed was the sieve mechan­
ism (40, 84). According to this concept, a semipermeable 
membrane possesses pores intermediate in size between the 
solvent and solute molecules. Thus the solute molecules would 
be blocked and the smaller solvent molecules would be allowed
to pass. Several semipermeable membranes have been found in 
which the pore size was larger than the solute molecules (24, 
84), hence sieve mechanism could not account fo r the high 
semipermeabil.ity fo r cellulose acetate.
Another theory was proposed on distilla tion mechanism 
and was based upon the perfect semipermeability of a solution 
(84), If solute molecules (such as Na Cl) are not volatile, 
then only the volatile solvent molecules can penetrate the 
surface barrie r. Of necessity, the walls of the capillaries 
through which the solvent d istils  wouid have to be nonwettable 
to the solvent or the solution. Therefore, this theory is 
inapplicable to cellulose acetate because water has high •; 
affinity fo r the free hydroxyl groups in the film  (84),
24
Lately a considerable amount of research has been 
reported on ion exchange membranes mechanism (6 , 22, 24,
37, 64, 84). These membranes are permselective (i.e. 
they have a very low resistence to the passage of either 
cations or anions but not both).
This selectivity is due to high concentration of positive 
or negative charges that are incorporated in to the film  (84). 
•Consequently, these membranes would be semipermeable if 
they effectively blocked the passage of either the cation or 
the anion of the solute and permitted solvent molecules to 
pass. It is unlikely that the high degree of salt rejection 
that cellulose acetate membrane exhibits could be due to an 
ion exchange mechanism. Cellulose acetate with approximate­
ly 40% acetyl, content has low concentration of hydroxyl groups 
thus it would behave only slightly as ion exchange membrane. 
The University, of F lorida (84) has conducted a series of
i
experiments to determine whether or not cellulose acetate 
actually behaves as a permselective membrane. The results 
of their experiments indicated that it did not.
A theory of semipermeability based upon the relative 
adsorption of solvent and solute molecules by the membrane 
has been proposed. Semi permeability results when the solvent 
molecules are adsorbed positively and solute molecules nega­
tively adsorbed. This type of semipermeability is most 
pronounced when the pore size is small and surface flow 
predominate (84).
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Closely related to the adsorption theory is the solubility 
theory. The theory proposes that semipermeabil.ity is an 
outgrowth of the solubility of the solvent and insolubility of 
the solute in the membrane. Since the solvent is soluble in 
the membrane, it can pass but the solute cannot ,(84),
The adsorption and solubility theories on the cellulose 
acetate were not re.commended by research workers in the 
University of F lorida (84), consequently a clearer under­
standing of the mechanism involved in the transfer of water 
and ions across the cellulose acetate was needed.
It was reported (84) that water molecules through hydrogen 
bonding, cross-!ink polymer chains (cellulose acetate) and f i l l  
the voids in the amorphous (greater) regions with bond water. 
The extent of cross-linking depends upon the size of the voids. 
When they are large", as in the case of cellophane, the struc­
ture is weakly cross-linked. When they are small, as in the 
case of cellulose acetate, the cross-linking is extensive.
When there is a low degree of cross-linking, the voids are 
only partia lly filled  with bound water leaving holes through 
which there is little  o r no free space. A ll of the water is 
hydrogen bound to the polymer network either directly or 
through other water molecules.
It was proposed (40-42, 84) that two different mechanisms 
of diffusion occur in a structure such,as cellulose acetate.
Ions and molecules that cannot enter into hydrogen bonding 
are transported across the membrane by hole-type diffusion
i.e . their diffusion depends upon the concentration of holes 
in the membrane.
Those ions and molecules that can combine with the 
membrane through hydrogen bonding and can f it  into the 
bound water structure are pressured to be transported 
across the membrane by alignment-type diffusion. Their 
diffusion depends upon the establishment of hydrogen bonds 
with the membrane. A fter these molecules combine with one 
side of the membrane, they migrate across by transferring 
from one hydrogen bonding site to another and are finally 
discharged from the other side.
C H A P T E R  (2) 
SCOPE OF PRESENT WORK
The purpose of this research was to investigate the 
technical feasibility and to study some of the fundamental 
aspects of dynamically formed membranes in the reverse 
osmosis process particu larly those aspects which have not 
been explored by previous workers. The main constituenti ' " -
of the membrane was colloidal hydrous zirconium oxide 
Zr (iv). Other dynamically formed membranes have also 
been studied.
The following is a summary of the main research'topics 
which were studied in the reverse osmosis apparatus With 
dynamically formed membranes. '
2. 1.1 Prelim inary Investigations on Reverse Osmosis 
Dynamical ly Formed Membranes
Investigations were carried out on a small .test rig 
on dynamically formed membranes using small scale 
reverse osmosis apparatus under different conditions. 
The solute under test was sodium chloride (Na Cl).
A membrane made of colloidal fe rr ic  hydroxide was 
used. A membrane pre-coat.powder (metasil C) was 
deposited on the surface of the membrane support 
(made of stainless steel discs). The working pressure 
applied was at a maximum of 60 psig. Studies were 
then made on observed salt rejection using this kind 
of membrane.
2. 1.2 Reverse Osmosis Rig Dynamical!y *-•
Formed Membranes
The preliminary investigations gave some encouraging
. v ' '' ■■■;.' ' V: • ' . . y . -29
results, therefore a much larger reverse osmosis cell . 
was designed (Chapter 4) and developed in the chemical 
engineering workshop. Further investigations were 
sthen carried out using much higher pressures ranging 
from 0 -  1500 psig.
'2.1.3 Dynamically Formed Membrane Surface
Density “ * _ •
*) ; . ‘ , . . . • . ’ :
Using the larger scale reverse osmosis apparatus 
and hydrous zirconium oxide Z r (iv) membrane, an- 
investigation was carried out on the membrane sur- P.. 
face density deposited on the outside of the ceramic 
tube (type 481 ceramic), which acted as membrane 
support. The testing solute was sodium chloride 
(Na Cl)." The effect of varying membrane surface 
density on salt rejection of membrane and permeation 
of water across it was investigated. Each experi­
ment was conducted fo r 15 hours.
2.1.4 Concentration Polarization
The effect o f salt build-up at the membrane in ter­
face with the bulk of feed solutions (concentration 
polarization)'was investigated. The solutes under 
investigation were lithium chloride (Li Cl), sodium 
chloride (Na Cl) and magnesium chloride (Mg CU).
The membrane was hydrous zirconium pxide Z r (iv),
A pressure of 400 psig was applied. The research 
was carried out with accumulator (no fluid pulsation
due'to positive displacement of pump) and without 
accumulator. In both.cases the fluid flow was in 
the turbulent region he. N Re 2000. The feed 
circulation ranged from 0 . 2  to 1 . 5 litre  per minute 
and these rates were the minimum and maximum 
pumping capacities. The solute concentrations 
were between 600 and 1200  ppm.
Pressure, Feed Concentration and PH Effects 
on Dynamically Formed Membranes
Using hydrous zirconium oxide membranes and type 
481 ceramic tube support, permeation and salt 
rejections of the membrane were tested at 200, 400 
600 and 800 psig. The solutes under investigation 
were lithium, sodium and magnesium chlorides, at
0.6 and 1. 2 g/ 1 concentrations. Sodium chloride 
feed concentrations of 1 0 0 0 , 2 0 0 0 . and 1 0 , 0 00  part 
per million were also investigated using hydrous 
zirconium oxide and carbon supports.
Effects of Porous Supports on Dynamically 
Formed Membranes
A mixture of aluminium hydroxide Al (GH)^ and 
hydrous zirconium oxide was deposited on the out­
side of porous bronze and stainless steel tubing. 
Their pore diameters were.2^, 5, 10 and -1 2-^  
microns. Salt rejection properties and water 
permeation rates across the membrane supports 
were studied after membrane formation.
Protein, Lactose and Lactic Acid Separation 
by Hydrous Zirconium Oxide Dynamically 
Formed Membrane
. Most of this research deals with desalination of 
inorganic solutions, such as l.ithiurrvch!oride (Li Cl) 
sodium chloride (Na Cl) and magnesium chloride 
(Mg Cl^). However, _attempts have been made to use 
the same membrane in the reverse osmosis apparatus 
to separate larger molecules of organic solutions 
from smaller ones. The main aim was to separate 
protein onto one side of the membrane (high pres­
sure side) and lactose and lactic acid on the other 
side (low pressure side). The pressures applied 
were between 400 and 600 psig.
A number of experiments were carried out in order 
to study protein, lactose and lactic acid rejection 
and permeation rates across the hydrous zirconium 
oxide membrane. These investigations proved to 
be extremely successful.
The choice of cheese Whey solution fo r experimental 
work developed, because of the interest value it 
provided both economically and in terms of its high 
food value. Added advantages were that the whey . 
was cheap and easy to handle. .....
Colour Rejections of other Organic Materials 
by Hydrous Zirconium Oxide Membrane
interest was aroused by the success of the previous 
work (1.7) in the possibility that sim ilar results 
might be obtained in the application of colour 
rejections of some organic materials. Investi­
gations were carried_out on colour rejection of 
some organic materials having very large molecular 
weights, such as nigrosine (deep blue), fluorescein, 
(green) and magenta (red).
C H A P T E R  3
THEORY
3. 1 The Water and Sait,Flux across the Membrane
The water and salt.flux across the membrane was given by 
Merten (57), Hodgson (72) Spiegler (31) and Sourirajan (6),
water flux (F ) ———  w
where Ko 
A
Ko A (A.p -  &TQ
‘ t ,
permeability coefficient of membrane 
fo r water
membrane area ' '
pressure differential across membrane
osmotic'pressure differential across 
membrane
membrane thickness
Salt Flux (F )
Assuming Fick*s law diffusion and a constant distribution 
coefficient through the membrane (72)
D k  (a  -  c  )s s r w 
t ' ~
where D
K
w
diffusion coefficient 
distribution coefficient 
feed concentration 
effluent concentration
Definition of Concentration Polari zation
. The withdrawal of preferentially sorbed interfacial fluid 
increases the concentration of the solution at the immediate 
vic in ity of the membrane surface and setsup a concentration 
gradient on the high pressure side of the membrane, causing the 
diffusion of the solute from the more to the less concentrated 
part of the solution. This phenomena is called 'concentration 
polarization.' (6 , 7, 29, 31 and 57).
For a particu lar reverse osmosis apparatus and a known 
pressure, concentration polarization results in an increase in 
the effective osmotic pressure of the feed solution on the mem­
brane surface, a consequent decrease in the effective pressure 
(AP) for flu id flow across the membrane and progressive changes 
in the mass transfer coefficient, product rate and solute separ- 
ation along the length of the membrane in the direction of feed 
flow.
It is important to design experimental apparatus and 
procedures so that the immediate environment of the membrane 
is characterizable and is taken into account in the interpretation 
of experimental data. The practical importance of the concen­
tration problem in reverse osmosis process design and 
development has been recognised and several analytical studies 
have been reported (7, 13, 28, 30 and 57).
3*2 Concentration Polarization:- I
The effect of salt build up at the membrane interface or 
concentration polarization on the observed rejection (Ro) is 
discussed theoretically beiow. For a tubular shaped membrane,
the rate of linear flow of a given solution, the permeation rate
<
across the membrane and porous tube wall, in addition to the
nature of the entrance and exit flow from the tube -influence the
I
flux of solute and solvent through the membrane. When a known 
feed circulation velocity is applied to the reverse osmosis system, 
rejected solute tends to build up a layer of higher than feed con­
centration at the interface so that, considering only turbulent 
flow through the tube, a situation arises shown in Fig (30 1) due 
to Shor (32). Two curves were drawn, f irs t  to represent the 
velocity distribution in the turbulent flow where the linear vel­
ocity v is approximately constant (see upper curve) from the 
centre of the tube to a distance close to the tube wall, which 
decreases rapidly to zero at the wall. The second curve shows
salt concentration distribution, starting at the centre at the}
bulk concentration and rising to the relatively high rate at the 
wall, because of rejected solute to concentration, Co< at the 
membrane interface.
concentration polarization (salt accumulation) at turbulent feed 
circulation is defined by the equation
a c<* , \(£) — — 1 •*«* 0 0 0 . 0  ( 3» 1 ) •
ct
where
cK - salt concentration at the membrane feed 
interface '
Figure 0,.1 Schematic salt and velocity distribution in hyperfiltration 
'with membrane supported on a tubular substrate.
-  the concentration in the turbulent 
cone which is taken here as equal 
to (cp in the feed concentration
The definition of the salt rejection of the membrane (13, 31) 
can be written as: .
R  = • *«*..... (3 .2)
where subscript w indicating the effluent or product 
solution and the observed rejection (Ro)
cw
Ro = 1 -  c^ . . . . . . . . .  (3 . 3)
c w_
1 “  G^. . . . . . . . . .  (■3-. 4)
from eqn, (3. 1)<?(= (j) + 1
from eqn.' (3. 4)
ct
1 -  Roc = —----W ct
substi tuting fo r c and c^ . in eqn. (3 . 2 ) leads to w
1 -  Ro = (1 -R )  (Cj) + 1) . . . . . . . . .  (3.5)
fo r complete salt rejection of a membrane R = 1
The equations explained below are based on the treatment 
of Sherwood, Brian, F isher and Dresner (27, 33) as extended
39
by Johnson, Dresner and Kraus (31). and Shor (32) „
At steady state fo r a differential layer extending from the 
membrane surface to the flu id in any position along the tube, 
a materia! balance for flow of salt may be written as follows
where (D^ + De) is a hypothetical diffusion coefficient expres­
sing the molecular diffusion and eddy diffusivity of the solute
gradient of solute, x is the distance from the wall measured 
into the channel, (v) is the linear flow of liquid through the 
salt-rejecting layer in cm /sec, c^ is salt concentration at 
the membrane interface and R is the salt rejection by membrane 
as defined before
cw
i.e . R — 1 -  c^
For a perfect membrane R = 1, a solution of this equation 
may be written as:
be v c,c (1 -  R)(D0 + De) <5x VC
? *^3 Oin the film respectively in.cm'’/sec, . is the concentrationw X
(3. 7)
where
ct c  ^ (as mentioned before)
and X hypothetical film  thickness
Equation (3.7) may be written in terms of the concentration 
polarization <j)‘ and mass transfer coefficient (h)
Assumlngynass transfer coefficient is unaffected by a small
flux of water through the membrane, it may be expressed in
terms of the Stanton number N . , the Schmidt number, Ns t 7 ’ sc.
and fanning fric tion  factor, f, all dimensionless numbers, as
in the Chilton -  Colburn (35) equation.
vve.
-2
Nst = *  f (NSo> 3   <3-9>
■where
NSt = u   (3- 10)
(u) is the I inear velocity of flu id circulating in the tube in 
cm/sec
N = "?I</ D2 . . . . . . . . .  (3, 11)
where c?k is the kinematic viscosity of the circulating solution 
2 - 1cm » sec , D2 is the coefficient of diffusion of the solute, 
(f) may also be written in terms of the dimensionless Reynold 
number N,~. as in the Blasius equation (35).r\0
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f = 0 . 0 8 ( 1 ^ ) ” * ......... (3. 12)
The Reynold number of the flow is defined as
ki d u -Re = Y k  ; . . . . . . . . .  (3,13)
d = hydraulic mean diameter fo r the annulus
Substituting the above expressions into the solution of the 
diffusion equation (3.7) results in a formula fo r concentration 
polarization for the case of complete sal t rejection R = 1
cj>[R = l ]  = [exp 25 (Y) (NRe)‘ (NSc) 3  ]  -  1
• c . «*.»•* (3. 14)
No. 25 obtained from solving equations of Blasius and Chilton- 
Colburn and referred to as Colburn parameter (k)n (Appendix 1)
For valves of (R) fo r less than perfect rejection membrane 
(i.e . R less than unity), it was shown by Brian (34) and 
Johnson et al (36) that
0  [R <i] = <f) = —
1 +  (1  -  R )  < f + R >  l j
(3. 15)
rearranging. This substitution was necessary fo r an actual 
measurable situation.
“ ( 1 + <f> CR  = ’3 ) ( . . . . .  (3.17)
Eqn. (3. 17) may be used to determine the in trins ic rejection 
of a membrane from observed rejections as a function of v 
and u.
To use Eqn. (3, 17) with volumetric flow rates the following 
modification can be made
2
)n (Lr^O) = K  /d,)* (^Sj ° K  (.?£. ) + !n Q .
‘ ° 2 Q * R
   (3. 18)
A ’ 7 5Ki « _ t
' 1 A"m
K . = constant, A. = area of tube A = area of membrane 1 t m
It was necessary fo r correct dimensions to multiply eqn.
1 ? ' .
(3. 18) by a constant » («r^ ) , hence eqn. (3. 18) becomes
2
In 1 -  R° -  K / d y  , Vk . 3  Qp - , , 1 -  R
ln Ro -  3 ) ( 5 T *  “  —C.t . 75
(3. 19)
where K„ = K Kj Kw . (see Appendix 1)D <fV
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4. 1 Preliminary Investigations
Small Scale Reverse Osmosis Apparatus:-
The apparatus used consisted essentially of a com­
mercial metafilter cell pump and in addition, a 
conductivity meter, absorptiometer and pH meter for 
analytical measurements.
Reverse Osmosis Cell (Metafilter):-
The reverse osmosis cell consisted of a membrane 
support made of stainless steel discs, tubular in shape,
12 in, long, 1 . 0  in, outside diameter and \ in. inside 
diameter. This tube was mounted in a fixed position' 
inside a ^ in. glass shell which acted as the pressurised 
chamber and was able to resist a pressure of up to a 
maximum of 100 psig. The pressure gauge was piaced 
directly on top of the glass gasket to record the pressure 
applied to the system. The feed circulation rate was 
controlled by a control valve as shown in the diagram 
Fig (4.21). The feed inlet was situated at the bottom of 
the cell, while the permeate outlet was at the top part 
of the reverse osmosis shell. The pipe fittings etc. are 
not shown in the diagram. The glass chamber and the 
membrane support were easily removed from the main 
body of the apparatus fo r cleaning purposes.
A centrifugal pump having a capacity of up to 2 0 0  ga l/h r at 
a maximum of 100 psig was used in the apparatus. This pump 
was originally designed fo r normal filtra tion  not fo r reverse 
osmosis dynamically formed membrane purposes. It was found, 
however, to be suitable in this small scale equipment.
Membrane Porous Support:- •
A suspension ‘ of Metasi! (A &  B) powders were prepared in the 
storage feed tank (1 g /l) and circulated in the reverse osmosis 
apparatus. This was done in order to deposit a cake layer of 
this material on the surface of the stainless steel discs as there 
were large gaps between each disc. By this method the membrane 
porous support was formed within half an hour of the commencement 
of the experiment (Appendix 8)r,
Dynamically Formed Membrane:-
In order to deposit a membrane layer on the surface of the 
porous support described above, fe rr ic  hydroxide solution was 
used (11 &  24) about -g g /l at a PH 4. This was prepared by boil­
ing a fe rr ic  chloride solution (deep red) fo r about one hour until 
a deep orange colour was obtained which indicated fe rr ic  hydroxide 
formation. This solution was then dynamically circulated outside 
the membrane porous support in the reverse osmosis cell by means 
of the centrifugal pump at 40 psig. It took about one hour fo r the 
membrane to be formed at a feed circulation rate of approximately 
350 cm0 /min.
The Pump:-
The fe rr ic  hydroxide membrane obtained was then tested fo r 
sodium chloride rejections ( 1 . 6  g /l) at a feed circulation 
rate of 350 cm /min, a pressure of 60 psig (Appendix 8 ) and 
a pH 4*
, The observed salt rejection Ro and permeation rate across
the membrane was found to be about 10% arid 250 cm /min
\
respectively. When a suspension of fe rr ic  hydroxide (deep 
orange) was introduced, a colour rejection of up to 90% was 
obtained (self rejection membrane). The colour rejection was 
recorded by absorptiometer and sodium chloride by conducti­
vity meter.
Disadvantages of the System:-
(1) Because of the pump pressure lim it of 100 psig, higher 
pressures fo r better salt rejection (Ro) could not be attained.
(2) Once the pump was stopped the fe rr ic  hydroxide 
dynamically formed membrane deteriorated immediately and 
the cake layer collapsed a few minutes afterwards.
The 10% observed salt rejection, Ro (see Theory) of 
sodium chloride and the 90% colour rejection of fe rr ic  hyd­
roxide gave encouraging results during the preliminary 
investigation. Therefore the apparatus was redesigned for 
higher pumping capacity, better membrane porous supports 
(ceramics), different dynamically formed membranes (hydrous 
zirconium oxide) and stronger reverse osmosis cell in order 
to achieve improved salt and colour rejections.
Fig (4. 2 . o) Prelim inary investigation -  Reverse Osmosis Apparatus
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4. 2 Large Scale Reverse Osmosis Apparatus:
A fter preliminary investigations, the:.reverse osmosis apparatus 
was redesigned from the small scale rig and a much larger size 
apparatus was developed. A schematic diagram of the layout is 
shown in Fig. (4.2.9).
Many difficu lties were encountered in building the apparatus 
as the cell required fo r the dynamically formed membrane was not 
(up to this date) manufactured commercially. It was, therefore, 
necessary to completely design and build the cell in the chemical 
engineering workshop.
It was also especially d ifficu lt to find a supplier to provide 
a suitable pump that gave accurately controlled flow rates over 
the range required. Full details fo r all important items are 
given below:
(a) Reverse Osmosis C ell:-
The cell was designed and tested to a maximum pressure of 
3500 psig to comply with safety regulations, although the maxi­
mum working pressure fo r the experimental work was between 
0 -  800 psig. The engineering drawing of the cell is shown in 
Fig (4.2,1). The cel I has one feed inlet, one product outlet
1 nand one waste outlet. The shell was made of § stainless steel
ft"to resist high pressures and argon arc welded to a f  stainless 
steel top flange. The membrane porous support (porous ceramic 
or carbon epoxy bonded to a. small section of stainless steel tube) 
was joined to the bottom flange Fig (4.2. 1).
A gasket was used to seal between the two flanges and could
n 1 ti
be tightened by means of six 3 x 5 nuts and bolts. The porous 
support and the bottom flange were easily dismantled from the 
rest of the cell fo r changing the membrane support or fo r clean-
1 umg purposes. The waste pipe was connected to the pressure 
control valve and the product line connected to a rotameter for 
measuring permeation rate across the membrane. For general 
view of the reverse osmosis apparatus see Fig (4.2.2) and Fig 
( 4 . 2 . 3 ) .
(b) The Pump:-
The Metripump (commercial name) is a precision variable 
stroke positive displacement pump. It consists of a varistroke 
gear box to which can be fitted either one or two of the many 
types of pump heads available. The gear box is totally enclosed, 
the working parts running in an oil bath, no external lubrication 
being required.
The length of stroke can be varied from zero to maximum by 
rotating the handwheel on the front of the gear box which varies 
the throw of an eccentric. This adjustment can be carried out 
either manually or mechanically while the pump is in operation 
or a fre s t. The handwheel is fitted with a locking device which 
must be unscrewed before making an adjustment and afterwards 
relocked. .
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When the power unit is an electric motor this is normally 
mounted on a pivoted piatfrom on top of the gear box forming 
a compact unit. By using a vee belt drive with two interchange­
able trip le  grooved pulleys of different sizes six speeds are 
available. By selecting the correct speed the Metripump can be 
run to best advantage by using as long a stroke as possible.
• t
The Metripump should be mounted on a plinth, concrete or 
prefabricated. The height is to some extent dependent on the 
solution container, the outlet of which is pr&ferable above and 
not lower than the centre of the pump head. Where a separate 
dissolving container is supplied this must be mounted above the 
solution container. Standard metal tanks, whether rubber lined 
or not are fitted with a combined drain and overflow. Provision 
must be made to carry away this liquor and also fo r a water 
supply fo r fillin g  the tanks.
Either one or two heads can be fitted, the suction and deliver­
ies of which can be united to increase the capacity, or can be 
separate fo r handling different solutions. When two heads are 
fitted, as any change of stroke affects both rams sim ilarly, no 
independent variation of output is possible. Heads of different 
sizes can be fitted to give different outputs and the output ratio 
w ili remain constant. Fig (4.2.2, &4.2„3) .
Four types of tubing are normally used, -  polythene, flexible 
plastic tubing, rubber hose and stainless steel. Polythene 
generally referred to as T. C. tubing, is suitable fo r pressures
up to about 160 psig but should never be used where the temper­
ature exceeds 60/70°C. Hose is ideal fo r suspensions such as 
lime, where the solids may settle out during periods of no flow. 
Stainless steel tubing is used on the stainless steel range of 
pump heads and for high pressures. The stainless steel tubes
1 n 3 n
and q outside diameter) were used in the reverse osmosis 
cell, the re lie f valve and the accumulator and were able to 
resist pressures of up to 30000 psig.
Dial Type Stroke Indicator:
The indicator is a small self contained unit. It is housed 
in the Metripump stroke change handwheel to which it is secured
« t
by alien screws. Fig (4. 2. 2 &  4, 2. 3).
The indicator dial is free to ratoate but is so weighted that 
under normal working conditions it remains stationary, the zero 
being at the top. Two hands are fitted, the red hand, being 
attached to the indicator casing, w ill rotate with the handwheel. 
The black hand is gear driven from the red hand and indicates 
the number of revolutions made by the handwheel.
To alter the stroke from zero to maximum requires 25 complete 
clockwise turns of the handwheel. Each quarter turn of the hand­
wheel, indicated by the red hand, w ill, depending on the rotation, 
increase or decrease the output of the Metripump by 1/I000th of 
the output at fu ll stroke. Any previous setting can be easily and 
accurately repeated.
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The indicator is removed after testing and before despatch to 
aboid any possibility of damage during transit. When the 
Metripump has been installed on its foundations, the stroke 
change handwheel must be set at zero by turning it anticlock­
wise as fa r as it w ill go. The three alien screws must be 
loosened by using the key provided.
A detailed engineering drawing for the pump is shown in 
Fig (4. 2. 4. & 4. 2«-5). -
The design pressure of the pump was 1500 psig, 2 HP totally 
enclosed fan cooled, 380/440 volt, 3 phase, 50 cycles and 1400 
rpm.
(!c ) Rel ief Valve
This very important item in the reverse osmosis apparatus 
was incorporated to conform to safety regulations. The re lie f 
valve, connected to the high pressure side of the reverse 
osmosis cell, was adjusted to the. required pressure which was 
set slightly above the working pressure. Fig (4.2.6) fu lly 
describes the engineering drawing of the valve.
(d) Accumul ator:-
The accumulator (hydro-pneumatic accumulator) is a device 
for shock suppression and pulsation damping. Before use, it 
was important that a supply of fluid (water) be placed in the 
accumulator fluid port (one tenth of accumulator capacity).
This is known as 'cushion flu id 5 and its main use is to prevent 
damage to the bag when it is inflated Fig (4.2.7). A charging 
hose was attached directly from the nitrogen cylinder to the 
accumulator and the valve on.the nitrogen cylinder was slowly 
opened, allowing the separator bag to inflate.
■ Intermittently the valve,was closed and the charging set 
handle was depressed. The gauge pointer was allowed to
.txrhi** JCfe<Lvw«u«. xr
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Fig (4.2.7)
settle, thereby indicating the correct precharge pressure (a 
.precharge must never be below 25% of maximum working 
pressure). The valve on the nitrogen cylinder was closed 
securely and the charging hose removed from the accumulator. 
The accumulator was then fix.ed in the feed line just before 
the feed inlet of the reverse osmosis cell, in such a manner 
that it could be easily dismantled from the cell when its appli­
cation was not required.
(e) Membrane porous supports: '
The membrane porous supports were fu lly investigated 
in Chapter 5, Table (5C 4. 1) where it was reported that type 
481 porous ceramic supports were found ‘to be the most 
suitable for this research. This support had 32% porosity 
was 12 in long, 1 . 0  in. outside diameter, 0.60 in. inside 
diameter and 1.5 micron pore diameter.
The porous support was epoxy bonded to a stainless 
steel tube screwed into the bottom flange of the reverse 
osmosis cell Fig (4.2. 1). The top part of this porous 
ceramic tube was opened and was covered with an epoxy­
bonded stainless steel disc. The membrane porous support 
could be easily unscrewed from the bottom flange for cleaning 
or removal purposes. A typical cross sectional view of the 
wall of the membrane porous support (carbon) is shown in 
Fig (4 . 2 . 8 ), which was magnified to 10 times its actual size.
fc Membrane surface area
let A = membrane surface area . . . . . .  cmJtn
Dj = outside diameter of the membrane
porous support tube    (1 . 0  in)
L = length of the mernbrahe porous
support . . . . . . .  ( 1 0 . 0  in)
2
therefore
Am = T T  o , L
TT x 1 x 2 . 54 x 1 0 x 2 . 54 
204 cm2
9* Membrane surface density
Assuming that the surface of the porous support tube 
was uniform, calculations can be made fo r obtaining mem­
brane surface density (Chapter 5)..
Membrane surface density *-= weight of hydrous zircon­
ium oxide deposited on the tube/membrane surface area
W , / 2,. . . . . . .  (mg/cm )
• m
reverse osmosis tube
Fig. (4.3.3)
h. Hydraulic mean diameter (d)
’ Hydraulic mean diameter fo r an annulus of outer radius r
and inner radius r.
d = 4 Y T  (r2 -  r 2) , _____L_ “  2 (r -  r.)
• 2 TT (r + rj)
" D 2 “ D 1 
1 .  7 5  -  1
= 0.75 in.
The increase in the diameter due to membrane de|Dosited on the 
inner porous tube was very small indeed, therefore it was 
neglected in the calculations.
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Cross-sectional View of Reverse Osmosis Cell
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Cross Sectional View of the Carbon Porous 
Tube. Magnification: 10 times
Fig (4.2.8)
Frc42'9Z)iagram of reverse osmosis apparatus. A, Feed storage tank (whey); B, filter; 
C, high pressure pump; D, reverse osmosis cell; E, porous ceramic tubing; F, thin layer of 
membrane; G, product storage tank; H, waste storage tank; I, shut off; R15 rotameter at 
waste; R2, rotameter at product; H.P.G., high pressure gauge; L.P.G., low pressure 
gauge; P.G.V., pressure control valve; R.V., relief valve.
4. 3 Membrane Formation
A few grams of zirconium oxychloride solution was boiled 
under reflux in d istilled water fo r about 20 hours, when a 
milky appearance indicated the formation of hydrous zirconium 
oxide. The use of hydrous zirconium oxide dynamically formed 
membranes has been described by Mapcinkowsky et ai (11), 
Kuppers et al (12), Shor et al (13) and in Saline Water Con­
version Reports (19-23). The solution so obtained was then 
diluted with d istilled water and made up to the appropriate 
concentration depending on the membrane surface density 
required (Section 5, 1). The solution was then dynamically 
circulated to the outside of the porous support (ceramic or 
carbon) in the reverse osmosis apparatus.
As an example, fo r a specific run, (0.25 g / l) hydrous 
zirconium oxide solution at a pH 4 was circulated to the 
outside of the type 481 porous ceramic tube, with a starting 
pressure of 100 psig. The pressure increased automatically 
to about 200 psig within the f irs t  20. min. of the experiment as 
a result of membrane formation. The permeation rate was 
then approximately 48 ga l/ft "'/day. A fter 4 hours of continuous 
running, the water permeation rate decreased to about 30 
gal/ft- /day and the pressure gauge showed a constant pressure 
of approximately 400 psig.
The membrane formation at this stage was completed and
the rest of the solution in the ceil was drained off and replaced
with the feed under test. * The pH of the feed solution was
obetween 3 - 4 at about 20-• C. *
Membrane deterioration:-
Figs (4. 30 1) and (4.3.2) are photographs magnifying 
500 times the hydrous zirconium oxide surface layer depo­
sited on the top of type 481 ceramic (32% porosity and 
1.5 micron pore diameter) support.
F ig ('4.3, 1) shows a completely formed membrane on 
the membrane porous support (dark areas) and Fig (4,3. 1) 
shows that the membrane has deteriorated as indicated by 
the presence of light patches. This degree of deterioration 
was observed afiter 14 days of use.
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4.4, Analytical Measurements
1 . Absorptiometer:-
The 'E E L1 Absorptiometer is prim arily designed to assist 
in the analysis of the composition of liquids, by measuring photo- 
electrical ly the light absorbed by the sample at selected wave­
lengths in the visible spectrum. The relative absorption at a 
predetermined wavelength, isolated by means of a narrow-band 
optical f ilte r, may be applied to the quantitative colorimetric 
analysis of a specially prepared sample. Alternatively, the 
measurement of transmitted light, sim ilarly isolated in various- 
regions of the spectrum, permits the construction of a bridged 
spectrophotometric curve, indicating the colour composition of 
the test solution. The use of a neutral density f i lte r  makes avail­
able readings indicating the turbidity of "cloudiness" of a colourless 
sample.
2. Conductiv ity  Meter:-
The conductivity meter was used to measure the specific 
conductivity of specific electrolytes such as sodium and mag­
nesium chlorides in micromhos/cm. This meter ranges from 
0 -  106 micromhos/cm and at temperature ranges from 0 -  100°C.
3. >pH Meter:-
' pH' is the unit of measurement for designating the effect­
ive acidity or alkalinity of any aqueous substance containing at •
ieast 5% water. 7 pH is neutral and is at the centre of the
scale with 'O' representing maximum acidity at the lower end 
of the scale and "14" at the upper end for maximum alkalinity. 
p'H, or the degree of the acidity or alkalinity is an important . 
factor in almost every process where water is involved. The 
most accurate method of determining pH is accomplished by 
: measuring the voltage across a small battery of a glass and 
reference electrode with the sample as the electrolyte. The 
glass measuring electrode is permeable to hydrogen ions and 
the voltage developed across the cell is proportional to the 
hydrogen ion concentration of the sample solution and is meas-
\  ured by a sensitive m illivo lt meter calibrated directly into; p'H\
\  ‘ ^\  units.
\  • ■
: . .
4. \  Mohr's Method:-\\---— ~~— ■—— — -—  . •4 • _ ■ .
Chlorine concentrations were determined by Mohr’s
titration method. In a neutral or slightly alkaline solution,
<potassium chromate can be used to indicate the end point of 
the s ilver nitrate titration of chloride. S ilver chloride is 
quantitatively precipitated before red silver chromate is . 
formed (81),
The reverse osmosis cel l was constructed throughout 
from 18/8 stainless steel, except fo r the gasket which was 
made of asbestos with graphite and rubber.
A ll nuts and screws were made of stainless steel to 
resist corrosion attacks from the sodium and magnesium chlor­
ides etc. A ll high and low pressure valves were also of stainless 
steel, manufactured by B ritish  Ermeto Corporation Ltd,
The internal pump system which was in contact with the 
feed solution was made.of stainless steel as were the re lie f 
valve, the accumulator, the internal screws and bolts of the 
rotameters, the pressure gauges and the piping system. The 
two feed storage tanks were made of polythene and glass res- 
. pectively.
Some piping lines on low pressure sides were made of 
flexible PVC and u PVC, The membrane porous supports were 
mostly made of porous ceramic, porous carbon and stainless 
steel materials.
: 5 Materials of Constructions
EXPERIMENTAL RESULTS 
AND DISCUSSIONS
C H A P T E R  5
SEC T l ON 5.1  
MEMBRANE SURFACE DENSITIES
5, 1 Membrane surface density
Results and Discussion
Investigations were carried out on a number of membrane 
surface densities deposited on the porous tubes, type 481 ceramic 
(30% open porosity and 1 .5 ^  pore size). The effect of salt 
rejection and permeation rates were studied.
For this purpose seven ceramic tubes (Morgan type 481). were 
tested. Each tube was thoroughly washed with distilled water to 
remove loose ceramic particles and fitted into the reverse osmosis 
cell, using epoxy resin and stainless steel fittings (see reverse 
osmosis ceil design). The ceramic tube was then dried in an oven 
at 80°C well beiow the softening point of the epoxy resin. The 
porous tube was then weighed.and reweighed until a constant weight 
was obtained.
A solution of colloidal hydrous zirconium oxide (0 . 125 g/l) 
was prepared previously by boiling the zirconium oxychloride sol­
ution (see membrane preparation). A total of 10 litres  of this 
solution was used and circulated around the ceramic tube in the 
reverse osmosis apparatus.
As the membrane formed on top of the membrane porous sup­
port, the pressure increased continuously and attained 470 psig 
within 3 hours. This pressure was then controlled at 400 psig 
and was taken as standard pressure for all subsequent experiments.
The water permeation across the ceramic tube was around 
900 cm /min. fo r the f irs t four hours of the experiment. However, 
the water permeation decreased sharply within one hour, indicating
membrane build up on the porous support. The water permeation 
rate was then steady after about 5 hours operation. Subsequent 
operation up to 15 hours produced no change in the permeation 
rate, indicating that a constant condition had been attained, see 
curve 1, Fig (5. 1) & Fig (5. 3).
The hydrous zirconium oxide solution was then drained and 
replaced with a standard solution of Na Ci (1.2 g /l).
The Na Cl solution was used to test the ability of the mem­
brane for solute rejection. Na Cl solution was chosen because it 
is the most suitable reagent fo r this application and is also the 
major salt content of the sea and brackish waters, it  is generally 
the main undesirable constituent fo r desalination purposes in 
making fresh water.
The observed Na Cl rejection obtained was about 2%. This 
meant that 98% of Na C! passed through the porous ceramic support 
and almost no membrane was formed to prevent salt penetration 
during a period of 15 hours (Fig 5.2).
The porous ceramic support with membrane deposited on its 
surface was then gently disconnected from the apparatus and dried 
at 40°C, It was again weighed and reweighed until a constant 
weight was obtained. The difference between the in itia l and final 
weights thus gave the weight of membrane deposited.
After assessing the surface area of the tube, the membrane
surface density may be evaluated. For curve no. 1 the surface
2density was found to be 5.66 mg/cm .
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The second tube, having sim ilar characteristics to the others 
was introduced and mounted in the reverse osmosis apparatus for 
the next second test series.
The experimental runs for the second tube (see curve,no. 2 
Fig 5. 1) were carried out in a sim ilar way to the previous experi­
ment with the exception that feed circulation concentration was 0.35 
g /l hydrous zirconium oxide. It was noticed that the curve obtained 
fo r the second tube (curve no. 2) was sim ilar to curve no, 1 , except 
after 2^ hours of operation a sharp decrease in permeation rate 
was observed, the decrease occurring over a period of 2 hours. 
Again, subsequent operation up to 15 hours produced no change in
* 3 %
water permeation rate ( 1 2  cm /min) but a better salt observed 
rejection of up to 7% more than curve no. 1 was obtained.
Curves 3, 4 and 5, having membrane surface density of 26. 4,
42, 2 , and 5 3 . 2 mg/cm respectively, took approximately 2 hours
3to reach constant permeation rates of 10, 8 . 1 and 5,8 cm /min 
respectively. Their observed salt rejections (Ro) were 13, 24 
and 27% respectively.
Curves no. 6 & 7 at once gave constant permeation rate of 
35. 1 & 4. 2 cm /min respectively. Their membrane surface dens-
O
ities were found to be 75. 1 and 84 mg/cm and observed salt 
rejections were 38 and 40% respectively.
Several attempts were made ,to increase, the membrane
2surface density .over 84 mg/cm , by using various membrane feed 
concentration from 1 . 8  to 2. 5 g /l of hydrous zirconium oxide (see 
Fig 5.4) but no improvement was obtained.
It was observed that the final membrane surface density obtained 
(84 mg/cm ), rejects any other hydrous zirconium oxide, no 
matter what concentration was used and is thus self rejecting.
One could draw some conclusions from the different mem­
brane surface density characteristics, with respect to water 
permeation rate and observed salt rejection' Ro (isee theory section 
fo r Ro)
I
It is apparent that as the membrane builds up on the porous 
support and permeation across the tube decreases, the salt 
rejection w ill increase to a certain level. The 40% salt rejection 
was not entirely satisfactory fo r the highest membrane surface 
density of 84 mg/cm . This salt rejection was probably due to 
salt build up at the membrane surface in contact with the Na Cl 
bulk solution which is known as the concentration polarization 
effect, dealt with in a separate section (see concentration polar­
ization section and theory section fo r details).
A number of experimental runs were carried out to 
establish the reproducibility of the membrane surface densities.
It was found that the reproduction was generally good with an 
e rro r range of 10%. Such e rro rs  might be due to different 
tube porosities and pore diameters which affect the membrane 
formation across the tube and at the surface of the ceramic 
porous supports.
Previous work by Marcinkowsky et al (11), Kuppers et al 
. (12), Shor et al (13), Kraus et al (14) and Kraus et al (24) do 
not mention membrane surface density measurements.
Therefore, this research on various membrane surface 
densities and their effect on salt rejections and permeation 
rates might well provide a very useful contribution to the 
field of desalination.
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S E C T IO N  5 .2  
CONCENTRATION POLARIZATION
5, 2 Concentration polarization effects in the reverse
osmosis membranes ;
Results and Discussion
It has been reported (6 , 29, 31, 57) that the withdrawal of 
the preferentially sorbed interfacial fluid increased the concentrat­
ion of the solution fri the immediate vic in ity of the membrane surface 
and sets up a concentration gradient on the high pressure side of the 
membrane, causing the diffusion of the solute frorh the more to the 
less concentrated part of the solution. This phenomenon is called 
•concentration polarization, * (see Theory Chapter), At a given
i -
operating pressure and in a given apparatus, concentration polar­
ization results in an increase in the effective osmotic pressure of 
the feed solution on the membrane surface, a consequent decrease 
in the effective pressure fo r flu id flow across the membrane and 
progressive changes in the mass transfer coefficient, product rate 
and solute separation along the length of the membrane in the 
direction of feed flow.
The practical importance of the concentration polarization 
problem in reverse osmosis process design and development has 
been recognised (6 ) and several analytical studies reported; with 
particular reference to Saline Water Conversion Reports (21, 22, 
23), F isher et al (30), Brian (29) and Sherwood et al (27), These 
studies (6 ), assume that the membrane exhibits either complete 
solute separation, or incomplete solute separation at a constant 
level; such assumptions are in general invalid since solute 
separation can vary widely depending on feed concentration and 
feed flow rate even at the same operating pressure.
It is shown by Sourirajan (6 ), Brian (29), Sherwood (27), 
Lonsdale et al (40) and Merten (57), that the theory of concentration
polarization in, reverse osmosis must be based on transfer equations 
which are^applicable (see Theory Chapter) fo r the entire range of 
solute separations and which can predict the effect of feed concen­
tration and feed flow rate on both solute separation and product 
rates.
The solutes under investigation were chosen fo r this purpose 
in order of their molecular weight, such as lithium chloride (Li Cl), 
sodium chloride (Na Cl) and magnesium chloride (Mg CI„K of 
molecular weight 42. 5, 580 5 and 95. 3 respectively.
Sodium and magnesium chlorides were chosen because they 
are the most commonly occurring salts in sea water (58), Lithium 
v chloride was chosen as it has the smallest molecular weight in the 
alkali chloride series therefore the rejection effects of this salt 
on hydrous zirconium oxide membranes were studied. Each salt 
was tested using two different salt concentrations (0 . 6  and 1 . 2  g /l).
These tests were carried out in itia lly  with the accumulator 
in the system and then without accumulator. The accumulator was
k ,
used to investigate the effect on the system of maintaining the 
pressure at a constant level within close lim its; no fluctuation of 
pressure or flow took place when the accumulator was used.
Rejections observed (Ro) were measured as a function of 
average circulation Velocity (Qt), at two concentrations of lithium
chloride, two concentrations of sodium chloride and two concen­
trations of magnesium chloride. The two suitable concentrations 
chosen were 0.6 g /l and 1,2 g /l. Starting with maximum c ircu la t- 
ion velocity of approximately 1500 cm /min fo r a particular salt 
solution and using hydrous zirconium oxide dynamically formed 
membrane, having membrane surface density of 84 mg/cm and 
type 481 ceramic membrane support to the minimum feed circulation 
velocity (inside the tube) of 220 cm /min. Rejection measurements 
(Ro) were made at seven circulation rates and each time the average 
velocity was taken throughout the experimental run. Circulation 
was then returned to the highest rate as a check on the membrane 
stability. Rejections were measured from chloride analysis 
(Mohr's method) and rechecked by the conductivity meter. The 
pressure applied was 400 psig and the membrane was in contact 
with feed solution at the high pressure. The temperature was 
recorded to be 20° + 3°C
According to eq, (4. 19)
2
/ 1 -  Ro \ / d , ■ i 1 -  R
ln (~ r5 ~ ) "  3 ^  (D2} ^ . 7 5  + ln R
(see Theory and Appendix fo r derivation)
where ■’ t ' <
'• • ' •, ► /
Ro = observed salt rejection
R = j  in trins ic  salt rejection
Q. = water permeation rate across 3
p the membrane (cm /min)
feed circulation rate in the 
reverse osmosis tube
d hydraulic mean diameter
cm
K3 = constant {see theory)
. Yjk *=* kinematic viscosity of 2
dirculation solution • (cm /sec)
D9 “  coefficient of molecular 9
diffusion of the solute (crrF/sec)
Q  
 £
A  plot of In (1 » Ro)/Ro versus G^O.75 should give a straight 
line of predictable slope, in so fa r as the Colburn parameter is
V 1
known and R does not vary with concentration.
Extrapolation to infinite circulation rate
above is based on treatment of Sherwood, Brian, F isher and 
Dresner (27, 33) as extended by Johnson, Dresner and Kraus (31),
approximately linear Fig (5. 2, 1) (5, 2, 2) (5, 2. 3) (5 ,2 ,4) (5,2,5) 
and (5.2,6), The results were computed (Programme (1)and(2) 
to give the best straight line, using the method of least squares. 
These figures indicate clearly that the observed data (Ro) may 
be represented by a family of lines based on individual feed con­
centration, all of which should have coincided to a f irs t  approxi­
mation in a single line given constancy of (D0) and (?k), if (R) not
. . .
a function of concentration®
0 ' should allow evaluation of R
lLhe in trins ic rejection, or that which would be observed in the 
absence of concentration polarization. The equation described
The results plotted fo r any single feed concentration are, in fact*
Important results were obtained when the accumulator was
introduced in the reverse osmosis apparatus. The accumulator 
stopped the feed flu id pulsation and allowed the membrane to 
function properly. The feed circulation with and without the 
accumulator was at a turbulent level. Figures (5.2.1) to (5.2.6) 
clearly show the different results obtained with and without 
accumulator and that there is a substantial effect of concentration 
polarization with these relatively high flux membranes.
For example, Fig (5, 2* 1) with 0.6 g /l L i Cl, the observed reject­
ion varied from less than 2 0 % to about over 60% and the extrapolated 
value was over 90% with accumulator being in the system. When 
the salt concentration of lithium chloride was increased to 1 . 2  g /l 
observed salt rejections were reduced in both cases, with and 
without the accumulator Fig (5. 2. 2) i.e . the observed salt 
rejection varied from under 20% to about 40% and the extrapolation 
value was about 50% without the accumulator and with accumulator 
the observed salt rejections varied from under 30% to about 45% 
but when extrapolated, the observed salt rejection was above 50%.
Sim ilar behaviour was observed fo r sodium chloride (0, 6 -  1.2 g/l) 
and magnesium chloride (0. 6 -  1.2 g /l) Fig (5. 2. 3) (5. 2. 4) (5. 2. 5) 
and (5. 2 . 6 ).
The water permeation rate (Qp) of each salt at known concentration 
across the membrane fo r each case is discussed in Section (5. 3) 
and generally it varied from 12 to 15 cm /min fo r different salt 
concentrations; it was approximately constant fo r each single 
salt concentration. 7  /© . .
98
On the basis of these practical observations the following con­
clusions can be made on the behaviour of the system with the 
accumulator and without the accumulator.
(a) It was very interesting to note a constant increase in salt
rejection (Ro) from the beginning of the experiment, at the highest
3 3flow rate (Q = 1500 cm /min and Q =15 cm /min), to the lowestP
3 3(Q. = 220 cm /min and Q =15 cm /min) fo r lithium chloridet ' p '
solution (0 . 6  g /l), when the accumulator was placed in the reverse 
osmosis system. That is to say that when the accumulator was
I
introduced an average of 10% increase of salt rejection (Ro) was 
obtained throughout the experiment at various flow rates.
(b) The second important observation was the increase in salt 
rejection as the molecular weight of the salt under investigation 
was increased. This was shown clearly fo r lithium, sodium and 
magnesium chlorides Fig (5. 2,1 to 5. 2. 6). For example, at 0 . 6 
g/l concentration using accumulator the observed salt rejection 
was increased from about 70%, 77% and 94% fo r L.i Cl, Na Cl, 
and Mg C l9 respectively. Their molecular weights were in the 
order of 42.5, 58.5 and 95.3 respectively.
The observations explained above on the various feed c ircu­
lation rates might add a useful contribution toward the design and 
development of the reverse osmosis pilot plants to those studied 
by Shor, Kraus, Johnson, J r. and Smith (13).
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SECTION 5.3
PRESSURE AND CONCENTRATION 
VARIATION EFFECTS ON HYDROUS 
ZIRCONIUM OXIDE DYNAMICALLY 
FORMED MEMBRANES USING 
LITHIUM, SODIUM AND MAGNE1SIUM 
CHLORIDES
108
5,3 Pressure variation effects on dynamically 
formed membranes
Results and Discussion
Attempts were made during the practical experiments pn the
hydrous zirconium oxide membrane with surface density of 
284 mg/cm and membrane porous support type 481 ceramic, to 
ascertain the effect of pressure and concentration variations on 
these types of membranes. Pressure applied ranged from 200 up 
to 800 psig. The solutes under investigation were lithium chloride, 
sodium chloride and magnesium chloride. Two concentrations were 
used, namely 0 . 6  and 1 , 2  g / l,
It appeared that the higher pressure applied to the membrane 
resulted in higher water permeation rate results across the dynami­
cally formed membrane.
Fig (5.4. 1) clearly shows the behaviour of these solutions.
L.i Cl and Na Cl behaved sim ilarly when two different salt concen­
trations of 0 . 6 to 1 . 2  g /l were used and gave water permeation 
rate of approximately 7,3 and 7 cm /min respectively at 200 psig. 
However, magnesium chloride behaved differently at each concen-
3
tration. Magnesium chloride permeation rate was 6.4 and 6 cm /min 
at 0 . 6  and 1 . 2  g /l respectively, at 2 0 0  psig.
Generally the salt solutions under investigation took on sim ilar 
graphical behaviour but permeation rates differed greatly, especially 
when the pressures applied were between 400 and 800 psig (Fig, 5.4, 1).
It is interesting to note that the water permeation rates across 
the membrane were in decreasing order as the molecular weight of 
the solutes were increased.
For example, at 600 psig, lithium, sodium and magnesium chloride 
permeation rates were approximately 25, 22 and 21 cm"/min, when 
the concentrate was 0 . 6  g /l and the molecular weights 42.5, 58.5 
and 95.3 respectively. This behaviour was better understood 
when the permeation rate was plotted versus time fo r these saits 
at 400 psig. In this case the concentrations were 0.6 and 1.2 
g /l. F*ig (5.4.2). Once again it is clear that the permeation rates 
of the lithium, sodium and magnesium chlorides were in decreasing 
order as the molecular weights were increased. Fig (5.4.2).
The behaviour of molecular weights, permeation and also 
salt rejections across these types of membrane led to investi­
gations into the behaviour of other organic compounds which have 
a much larger molecular weight than these inorganic saits.
We have investigated in Section 5. 5 and 5. 6 the colour 
rejection of some organic materials and also protein, lactose 
and lactic acid separation from cheese whey.
The feed circulation velocities were approximately 750 cm /  
min. fo r all the above experiments. The pH of the circulation . 
feed was kept between 3 and 4, Kraus et al (24), and Saline 
Water Conversion Reports (21, 22).
Further investigations were carried out on three different 
sodium chloride concentrations, 1 g /l, 2 g /l and 10 g /i solutions 
being used. Type EX 9 carbon supports were introduced instead 
of the usual type 481 ceramic. The membrane used was again 
hydrous zirconium oxide (see appendix 4) and one standard feed 
circulation rate of approximately 12 ga l/h r was applied.
No attempts were made to change the feed circulation to higher 
rates to avoid concentration polarization. The PH of the feed was 
kept at 4. .
The observed salt rejections were calculated from equation
C '
Ro -  1 -  -p ~ - (see theory). . . . . . .  (4„ 3)
,  . S
where C *» product or effluent concentration w
Cj. -  feed concentration 'f
. - The observed salt rejections (Ro) were plotted versus time
(hr) Fig (5.4.3) fo r a total period of 14 hours. The highest 
observed salt rejections were obtained when C* = 1 g /l sodium 
chloride, i.e . Ro was approximately 25%. The graph clearly 
shows that as the concentration of sodium chloride increased from 
1 , 2 and 10 g /l,  the observed salt rejections decreased to approxi­
mately 25, 23 and 18% respectively. No account was made for 
concentration polarization or the use of the accumulator to stop 
flu id pulsation. •
Permeation rates across the membrane versus time were also 
plotted Fig (5. 4.,4) fo r all three concentrations of sodium chloride 
(1, 2 and 10 g /l). F ig (5,4.4) clearly indicates that the permeation 
rate reduces as the concentration of the feed solution increases.
Surprisingly, these curves Fig (5.4.3) and Fig (5.4.4) show 
sim ilar characteristics to those of Fig (5.4.1) and Fig (5.4.2) 
already discussed. To be more precise, it is clear from Fig (5.4.2)
i .
in which the water permeation across the membrane decreases as 
the molecular weight increases (for L.i Cl, Na Cl and Mg that
this behaviour is sim ilar to Fig (5.4.4) in which the permeation 
across the membrane decreases as the concentration of sodium 
chloride increases.
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SECTI  ON 5. 4
MEMBRANE POROUS SUPPORTS
5. 4 Membrane Porous Supports 
Results and Discussion
The membrane porous supports fo r dynamically formed mem­
branes have been described (Section 3.3) and as can be seen, many 
types of material were used (11, 12 and 25), These materials were 
stainless steel, carbon, ceramics, fiberglass and plastics. The 
pore diameter and voidage of these porous supports were reported 
to be in the range of 0 . 2 to 5. 0 microns and the range of 18 to 35% 
respectively. Most of these membran porous supports are not 
available commercially fo r dynamically formed membrane purposes 
and nearly ail supports described so fa r were made especially fo r 
the Oak Ridge National Laboratory, U .S .A .
In this research several different types of membrane porous 
supports have been investigated, such as porous stainless steel 
(available from Sintered Products L td )., porous bronze, porous 
carbon.and porous ceramics, (See table 5. 4. 1)
TABLE (5. 4, 1)
Materials
Pore
diameter
(microns)
Voidage
%
Length
in.
Outside
diameter
in.
Inside
diameter
in.
2. 5 •m 12 1 . 0 0.75
Stainless
•steel 5.0 12 1 . 0 0 . 75
1 0 . 0 - 12 1 . 0 0. 75
’ Bronze 5.0 - 94 1 . 0 0.75
• 1 0 . 0 .. - 1 . 0 0.75
Carbon ■ - 18.7 12 1 . 0  . 0. 50
Ceramic 
(type 481)
> 1 .5 32 12 1 . 0 0 . 60
Ceramic 
(type 461) :
7 12 1 . 0 0.75
The tests on these supports were necessary fo r this work in order 
to find the most suitable support. .
The 2.5 micron stainless steel membrane support was then
placed in the reverse osmosis apparatus. The membrane was
hydrous zirconium oxide. The feed circulation rate was set at 
3700 cm /min at 50 psig and permeation rate obtained was approxi-
3
mately 650 cm /min during a run of a total time of 10 hours. These 
conditions remained constant throughput the experimental period.
The absorptiometer was used to detect the colour changes 
(milky appearance) between the feed solution (hydrous zirconium 
oxide) and permeate. No membrane was formed during this time 
on top of the stainless steel and satisfactory results were not 
obtained. Attempts were also made using 5 and 10 microns pore 
diameter and again the results were unsatisfactory.
S'
When a mixture of aluminium hydroxide and hydrous zirconium
oxide (2 0 0  ppm) were used with 2.5 microns, a considerable decrease
3in permeation rate from 650 to 490 cm /min occurred and colour 
rejection (or membrane salt rejection) of approximately 83% was 
obtained at 400 psig. (Appendix 5). The membrane formed was 
tested with sodium chloride (1.3 g /l) and here a 7% observed salt 
rejection was recorded;at AOO psig. S im ilar results were obtained . 
as above when the membrane porous support was made of bronze 
(2.5 and 12. 5 micron pore diameters) and type 461 triangle fused 
alumina (ceramic).
The most successful of all supports was the porous ceramic 
type 481, Morgan triangle pure alumina (Table 5.4. 1), This type 
was found to retain hydrous zirconium oxide on its surface and 
resulted around 50 to 90% observed salt rejections (400 psig).
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fo r sodium and magnesium chlorides respectively. (Chapter 5). 
Type 481 (ceramic) pure alumina was therefore most extensively
I • •
used in this work.
Carbon porous support (type EY9 Morgan) properties gave 
lower permeation and salt rejection than type 481 ceramic, hence 
its use was minimised. These carbon rods are made fo r carbon 
electrodes but it was necessary to a lter them by boring out the 
centre (4 M diameter) to produce a tubular membrane support.
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S E C T  I ON 5. 5
COLOUR REJECTION
SECTl  ON 5. 5
COLOUR REJECTION OF 
Ml LK •
MAGENTA 
R1BENA 
NIGROSINE 
FLUORESCEIN 
BROWN SUGAR
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5.5 Colour rejection of organic materials 
Results and Discussion
As a result of the success of protein, lactose and lactic acid 
extraction and separation in cheese whey solutions (Section 5.6), 
extra experimental tests were carried out on the colour rejection 
of organic materials by hydrous zirconium oxide membranes.
Six different materials were chosen for this investigation, i.e . 
milk, magenta, Ribena, nigrosine, fluorescein and brown sugar. 
Each material was tested*separately in the reverse osmosis appar­
atus at 400 psig. The membrane surface density was approximately 
230 .mg/cm on the type 481 ceramic porous support.
It was found unnecessary to use higher membrane surface
o ‘
densities than 30 mg/cm when large organic molecules (such as
above) were encountered., This was not the case with smaller
inorganic molecules such as Na Cl, which required membrane sur-
2face density of up to 84 mg/cm (Section 5. 1 and Appendix 7 ). .
: The experimental investigations in this section were carried 
out in a fashion sim ilar to those discussed previously (in Section 
5.; 1) and subsequently in Section (5.6).
Fig (5.5) is the result obtained for colour rejection versus time 
elapsed fo r all six organic materials used at feed circulation of 
approximately 9 ga l/hr (400 psig) and at ambient temperatures.
The colour rejections obtained for magenta (red), milk, Ribena 
(cjeep red) and nigrosine (deep blue) solutions were very interest­
ing and approached approximately 100% Fig (5. 5) at the end of
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the experiment (14 hours). The colour rejection of fluorescein 
sodium solution (green) and brown sugar solutions were 96 and 
93% respectively for the same 14 hours period.
The permeation rates of solvent across the membrane for 
magenta, milk, Ribena, fluorescein and brown sugar solutions
■j
were 2, g ,  1. 5 and 1. 5 ga l/hr respectively. Their feed con­
centrations were approximately 1.5 g/l (see Appendix 7).
The successful colour rejections of these organic materials 
by hydrous zirconium oxide dynamically formed membrane appli­
cations are very encouraging and could prove to be advantageous 
expecially in the fields of food science, pharmaceutical industries 
and also dyes and effluent treatments.
It appears that this work is the f irs t of its kind in the field of 
colour rejection by reverse osmosis dynamically formed membranes 
as there have been no previous reports on this subject.
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SECTION 5.6
PROTEIN, LACTOSE AND LACTIC 
ACID SEPARATION FROM CHEESE 
WHEY
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Protein 'extraction from whey by osmosis 
Results and Discussion
Cheese whey solution was diluted five times with distilled 
water. Dilution was necessary due to the small scale of the 
system.
it has been found whilst testing the dynamically formed zircon­
ium hydroxide membrane, that reverse osmosis occurs with dilute 
and concentrated solutions of brine, the rejections being greater 
with the more dilute feed. More concentrated solutes of whey,
K
such as handled industria lly could not be conveniently tested at 
this stage because of system limitations. It is believed, on the 
basis of brine and other tests, that concentrated whey feed could 
be expected to behave sim ilarly.
The permeate and feed samples were collected at fixed intervals 
and each analysed fo r protein, lactose, lactic acid, fat and ash. 
The fat and ash content of the feed was negligible and no traces J. 
were found in the permeate (product), hence no calculations were 
made fo r fat and ash. Lactic acid gave a not inconsiderable 
rejection being close to lactose rejection. Thus Fig (5.6. 1) 
represents the overall results obtained fo r protein, lactose and 
lactic acid rejection in 184 hours.
Equation 4.3 was used to calculate the solute rejection in the 
' whey solution. The most interesting observation (see Fig 5.6. 1) 
was the rejection of pure protein up to a level of 40% in the f irs t  
1-4 hours of the experiment. A fter 34 hours protein rejection 
increased to 44% but with some lactose (Ro = 16.3%) and lactic 
acid (Ro = 20%). Solute rejection became constant after
approximately 4 hours of continuous running, i.e . protein, lacrose 
and lactic acid rejection were 44%, 17.4% and 20% respectively. 
The lactose and lactic acid rejection rose sharply after 1  ^ hours 
giving undesirable rejection rates. This was probably due to a 
new membrane formation on top of the previous hydrous zirconium 
oxide membrane. The new membrane could be caused by proteins
or other solutes present in the whey solution.
>. ' 4
At 400 psig the permeation rate of solvent across the membrane 
was steady at about 30 g a l/ft2 /day. Fig (5.6.2).
The colour rejection of cheese whey which had a milky appear­
ance was also recorded and equation (4.3) was used again to 
calculate colour rejection. For the f irs t  3 hours of the experiment 
the colour rejection was 99,99% (clear permeate), after which 
the colour rejection reduced to 99.6% fo r the remaining time (15^) 
hours.
When the pressure was altered from 400 to 600 psig Fig (5.6.3)
o
the permeation rate increased to 36 ga l/ft /day and permeate 
became milky as a result of membrane deterioration. The colour 
rejection was based on optical absorption made at 684 myu (m illi­
microns).
The fat, ash, lactic acid, lactose and protein were tested by 
Rose-Gottlieb, gravim itric, titration with N/9 NaOH, Benedicts 
quantitative solution and Kjeldahl methods respectively.
It has been found that dynamically formed membranes using 
hydrous zirconium oxide in the reverse osmosis apparatus are 
very promising in separating protein, lactose and lactic acid in
cheese whey solutions.
Since this kind of membrane has a high porosity, it shows 
great promise in the colour rejection applications in the field 
of food technology where large molecules are involved. High 
production rates may be obtained using this method.
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5.7. Conclusions
Previous work by Marcinkowsky et al (11), Kuppers et 
a! (12) and Kraus et al (14 & 24) did not attempt any research 
on surface density measurements of hydrous zirconium oxide 
dynamically formed membranes in the reverse osmosis 
process. Work on various membrane surface densities 
the effect of water permeation rate and salt rejections upon 
the membranes might well provide a very useful contribution 
to the field of desalination by reverse osmosis.
An important aspect was the observation of 77% observed
Na Cl rejection across the membrane when the flow rate of
the salt solution was at the maximum of approximately 1500
cm/nin. S ix more lower flow rates of the salt solution were
3attempted, down to the minimum of 220 cm /min, where the 
observed Na Cl was found to be 30%. The above results 
were taken when the accumulator was placed in the feed 
line so as to stop fluid pulsation. When the accumulator 
was removed, the case was the reverse, i.e . a lower 
observed salt rejection was obtained (1 0 %) fo r each flow 
rate. The solutes under tests were sodium chloride (Na Ci), 
lithium chloride (Li Cl) and Magnesium chloride (Mg C l? .
The above observations could provide useful data to­
wards the design and development of the reverse osmosis 
pilot plants as already studied by Shor, Kraus, Johnson 
J r . ,  and Smith (13).
When the molecular weight of the salts under investigation 
were increased, better observed salt rejections were 
obtained. For example, the observed salt rejection of 
lithium chloride (molecular weight 42.5), sodium chloride . 
(58.5) and magnesium chloride (95.3) were 70%, 77% and 
97%,respectively, it  was also observed that the water 
permeation rate across the hydrous zirconium oxide dynami­
cally formed membrane decreased as the molecular weight 
and salt concentration increased.
Many types of membrane porous supports were studied 
and type 481 Morgan triangle pure alumina (ceramic) was . 
considered to be the most successful porous support fo r 
dynamically formed membranes (hydrous zirconium oxide).
s • " ',
Hydrous zirconium oxide dynamically formed membranes 
rejected approximately 99% of colour in organic materials, 
such as, magenta (red), milk, whey, Ribena (deep red), 
nigrosine (deep blue), fluorescein sodium (green) and 
brown sugar. The colour rejections of these compounds 
were indeed very encouraging and could prove to be 
advantageous especially in the fields of food science, 
pharmaceutical industries and also dyes and effluent treat­
ments. ' ’
Cheese whey (an additive for animal food) contains val­
uable protein, lactose and lactic acid. Their separation 
is costly by present day methods (evaporation and crystal­
lization). Hydrous zirconium dynamically formed membranes
were found to be successful fo r separating protein on to 
the higher pressure side of the membrane and lactose and 
lactic acid on to the low pressure side. This method must 
be economically attractive, as the use of evaporators, 
crystal I izers or extra labour is eliminated;
It appears that this research is the f irs t of its kind in 
the fie ld of colour rejections and protein, lactose and 
lactic acid, separation from cheese whey by reverse 
osmosis hydrous zirconium oxide dynamically formed mem­
branes. There have been no previous reports on these 
subjects.
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There is a wide choice of dynamically formed membranes 
fo r future research workers. Such membranes can be made 
of organics ((poly (4-vinyl peredene), humic acid, polyvinyl- 
benzyitrimethyi ammonium chloride and cellulose acetate 
N, N-Diethylamminoacetate etc.)) and inorganic materials 
(hydrous oxides of Si (iv) and U (vi) etc.)
Further research on the membrane porous supports 
might explain why the pore diameter of the supports are 
very much larger than the molecular size of many of the 
membranes.
To reduce concentration polarization, (better observed 
salt rejection), it might be useful to apply higher feed flow 
rates over the membrane than was used in the work of this 
thesis, which was limited to a maximum of 1500 cm /min.
On the basis of this thesis and others, it was evident 
that dynamically formed membranes were one of the most 
promising reverse osmosis techniques fo r separating 
smaller molecules from the larger ones in a feed solution. 
Further experimental research is recommended using 
many types of dynamically formed membranes and feed 
solutions, especially in the fie ld of food technology, 
effluent treatments and pharmaceutical applications.
Mahoney et al (85; have suggested many other possib ili­
ties including recovery of salts fo r reuse and the 
recovery and reuse of catalyst.
5. 8 Scope for Further Work
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CONCENTRATION POLARIZATION
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Theory on Concentration Polarization and Salt Rejections:
Concentration polarization 
From ref. (27, 31 and 32) it was given
(D2 + De) b er + VC VC (1 -  R) . . . . . . . . .  ( 3* 6)
where:
v = linear flow of liquid through the salt 
rejection layer (cm /sec).
3c
x
D2 + De
R
c
= concentration gradient of solute
= distance measured from the wall into the 
channel (cm)
= hypothetical diffusion coefficient expressing 
the molecular diffusion and eddy diffusion of 
the solute in the film  respectively (cm2 / sec)
= in tr in s ic  salt rejection of a membrane 
= salt concentration at the membrane interface
when R 1
3c
3 x
_i 3c
c <3x
VC
D2 .+ De
V
D2 + De
Integrating:
C
Ju d cO C ■
J
r
X = X.
___d xP2 + De
/ x
~ t vx ; /
ln c + 2  +  D e  J
X.
Cc<
v X
In ct -  In + De
Reversing signs
In -  In c(
v X,
D^ + De
taking exponential
Cc5 
=t •
exp.
v X,
D0 + De — x
(3.7)
where X 1 = hypothetical film  thickness
In trins ic  salt rejection (R):
This is defined as:
R = 1
w
Cc4 (3.2)
Concentration polarization (c|)):
This is defined as
O Q fl © .  . . . (3. 1)
substituting eqn. (3.7) into eqn. (3. 1) resulting in
v X1 .
<P exp. (D 2 + De)
1 •• o « t « > o e o o ( 3 . 1
but h mass transfer coefficient
D2 + De 
>0
from eqn. (3. 1. 1)
/ V  Vexp. ( j^ ) <3. 8)
from Chilton -  Colburn eqn. ;
Nst f Nsc (3.9)
where:
Nst
Jl
u (3. 10)
Nsc *?kD2.
. . . ____   (3. 11)
u linear velocity of flu id  c ircu lation in 
The tube (cm/sec)
°]\< kinematic viscosity of the c ircu lating 
solution (cm2 /  Sec)
from Blasius eqn<
: f O.OS (NRe) • €> O O © (3. 12)
where fanning factor
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N0 =  . * . . . ’ (3.1Re k
foydrau.l;ic..mean di ameter+
from eqn. (3 . 9)
2 Nst
N sc 3
2
2 N , (N ) 3    (3. 1,2)st sc
divide eqn. (3, 1.2) by eqn. (3 . 12) results in
2
2 Ns. ( Nsc)3     1
0.08 Nd "  Re
2
25 Nst. (NR e).1  (Nsc) 3 ■■■■ (3- 1- 3)
substitute fo r ^ s t from eqn. (3.10) into eqn. (3.1.3)
2
25 u . ' "Re . ' "sch NU ^ N 3
therefore h = --------------^ -------  (3. 1. 4)
0 ,  N d 5 N  4 25 Re . sc 3
substitute (h) from eqn. (3. 1,4) into eqn. (3 . 8 )
*  ’ J  ‘ 25 L Y  J  ’ - 1
1 2
-  exp. ( 25. v /u . ^Re . *^sc 3 ) -  1
. . . . ____(3-, 1.4)
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Eqn, (3,2) is for perfect rejection membrane
i . e .  R « 1
The number 25 wi l l  be w ritten as (K) re ferred  to as the 
Colburn parameter.
To prove:-
rk -  R0 (R = 1)
T- (R < 1 ) 1 \ <p (r ~ i)(i _ R)
from eqn. (3.6)
( D 2  +  D e )  I f v cv< (1 -  R) -  vc
6 c
<3x
v
D 2 * De
(1 -  R) -  c
rearranging
I
6c
Cet T1 -  R) -  C
V
D2 + De . 6 x
integrating with lim its when R = 1
f C - ct
dc
4-x = X  j
v
Q c (1 -  R) -  C D9 + De
J  c = c J
dx 
x = 0
where c = concentration at any x
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In
C,
(c - c (1 - R) v X
+ De
c -  Cct (1 -  R) 
c t -  c Y fl -  R}
,v X.
exp. + De
from eqn. (3. 7) exp.
v X,
D^ + De
• c 
G.
and c = ct< fo r this case
c -  c tt (1 -  R) 
c t -  c? {l -  R) ct
c -  Crf (1 -  R) C I ct -  c *  (1 ~ p f j
c r c * ( 1  -  R) ct -  c*  (1 -  R) . c (R -  1)
ct CK (1 R)  ^ c (r _ 1) + c (1 -  R) . . . . . .  (3.'1.5)
at X^ = 0 c becomes c^  and eqn. (3, 1. 5) becomes:-
c = t C<* (1 “  R) * cpt(R = 1) + c ^ d  -  R) . . . . . .  (3. 1,6)
from Ref, (31) it was given
_C*<
c, (R .1) © C © © C ft(3 . 1.7)
c«(R = 1)is.
ct - 1
(R = 1) •  •  o © © c (3. 1.8)
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substituting eqn. (3 ; 1 .7) and (3. 1 . 8} into eqn, (3 . 1 . 6) 
results in .
(R<1) = R (jt). (R = 1) . . . . . . . . .  (3-. 15)
T T q Tr  = 1)(1 -  R)
to prove:-
Ro = (1 + K) (1 ^ R )
Ro . “ r
where K = (£> (R = 1)
from eqn. (-3. 5)
(1 _ Ro) = (1 + (f))(1 -  R)
/
JRJK______  . . . . . . . . .  (3 , 1 5)
1 + K( 1 ~ R)
substitute eqn. (3.5) into (3. 1.9) and eliminating O 
/1 -  Rov „ R K
1- -  Ro -  1 + R = R K
1 “  R 1 + K (1 -  R)
(R -  Ro)(l + K(1 -  R)) = R K (1 -  R)
R -  Ro K (1 -  R) -  Ro + R K (1 -  R)
(1 -  R) R K
R — Ro
1 + K (1 - R)
1 + K  (1 -  R) 
R
Ro
taking ( 1) from both sides
1 + K -  KR -  R
f: R
1 -  Ro 
Ro
or (1 + K) (1 -  R) 
R Rs.)' Ro 1
i • e <
1 Ro }
(1 + K) (1 -  R) 
R
(3. 16)
substituting eqn. (3. 14) into (s. 16)
( Y r 9 ) < H r - >  - 1 (R = 1)
= exp.
3"
< £ > - 1
let K = 25 and taking logarithms
In (1^J3° ) _ |n ( l ^ R  j ^ |
■ K  (7T75) ^  {o f
or
1
2
3
1 / 1 — Ro5 _ 1 v \ is 1 d v * 1 *fk v * / 1 — R \
n  ^ R o ’  ^ * , 75 K 7 I< * ^D0 * ( R )u /
CQ9t«*00© (3. 17)
Eqn, (3. 17) is eqn. of stra ight line of y = mx + c and it may' 
be used to determine in tr in s ic  rejection (R).,-.of a membrane from 
observed salt, rejection as a function of (v) and (u).
let
fo r  tube
IIa volumetric feed rate inside the tube (cm^/min)
Q » P volumetric permeation rate across the membrane (cm /min)
u . = linear velocity of feed (cm/sec)
v linear velocity of product * (cm/sec)
A t - area of tube
t A  (cm )
A  = m area of membrane
i 2\ (cm )
X
Q( = u. A t . . . . .
fo r membrane
Q = v. A . . . . . . . . .  (3.1.11)p m *•
Q. GL 0. 75 .
u - 75 - V  ' v . .
Q. ' A ,  7 5  ' '
  we ~~T  ......... (3.1.13)
Qt m
A 0.75
let t • = K. (constant)
A m
3The f low rates during the runs were measured in (cm /m in).
3It was necessary to change the units to (cm /sec) to f it  equation 
(,V. 18) by a factor of ( ^ )  4 ( =
jet :k Ky = K3  (constant)
hence eqn. (3. 18) becomes
Checking equation (3, 19) dimensional iy
ln ) : dimensionlessKo •
1 — F?In {— — ) : dimensionless
■ 2.
2 2 3"'' ' ’ •/ *-?!< x j cm /secv ‘ . .VpT— J 3 : . dimensionless
2 (cm /sec)
, i  cm ]; sec %
(,r r - ) : ( 2 / ) « ( cm )f  k cm /sec
v : O. A  -75 .
u - 75 = ‘X " 7 5 ’G. mt . \
' 3 2 *cm / mi n ■ • cm
( 3 / . . 75) ( 2cm / min 7 cm
. = (crr^/m in)5 ( ^ - - 9 ) 4
: -■ cm ' ;
■ >, 3  ' ■ • 3  ■ ■ • -it  is necessary to change (cm /m in) into cm /sec. fo r dimension
analysis
hence -- ■ ■ • : • ' '
3  ■ 1 1 * ■ 1 1v ,cm 1 / 1 J
.75 , sec, 60 2u cm
eqn. (3 . 19) was jus tified  dimensionaily
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PRELIMINARY INVESTIGATION RESULTS
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ADVANTAGES OF DYNAMICALLY 
FORMED MEMBRANES
Advantages of Hydrous Zirconium Oxide
Dynamically Formed Membranes
(1) No scale formation on the apparatus as there is no 
heat involved, in usual distilla tion, when sea water 
is heated up to 100°C in the evaporators, calcium 
magnesium sulphates, carbonates and hydroxides are 
precipitated. Precipitation or scale coats reduce the 
heat transfer coefficient which results in a substantial 
reduction in operational efficiency,
(2) Possible use fo r water softening,
(3) There are no costly chemical beds to be made up and
k ’ .
regenerated at regular intervals,
(4) Because the action is mechanical rather than chemical 
operational costs are low,
(5) Membrane deterioration can be overcome by the 
recirculation of a few milligrams of hydrous zirconium 
oxide in the feed solution®
(6) The dynamically formed membrane production costs 
are very low and the membrane materials are cheap.
(7) Can be used fo r desalination of some brackish waters 
which contain low salt concentrations ( 2000 ppm)
and also for separating larger molecules from smaller
ones especially in the field of food science technology*
(8) Very easy to manufacture, compared to cellulose 
acetate which requires special casting techniques.
Disadvantages of Hydrous Zirconium Oxide 
Dynamically Formed Membranes
(1) it is not recommended fo r desalination of sea waters 
which contain high sait concentrations ( 27000 ppm
NaCl).
(2) PH Sensitive fo r inorganic solutions
(3) Membrane deteriorates after 14- days of continuous 
use. •
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